Abstract-We present an analysis of a single photon detector system capable of achieving near-unity detection efficiency. It consist of waveguidecoupled superconducting nanowires as short as 1 µm embedded in a racetrack resonator.
I. INTRODUCTION
Single photon detectors (SPD) are key components for quantum photonic applications such as quantum information processing [1] . Superconducting nanowire SPDs (SNSPDs) are one of the best allaround candidates for single photon detection, offering high efficiency [2] along with low dark-count rates [3] and low jitter [4] . SNSPDs are compatible with planar fabrication technologies, and can be made using thin films of niobium-based materials, such as niobium nitride (NbN), which has a superconducting transition well above 4.2 K, allowing the use of both 4 He-based and cryogen-free cryostats.
Despite their many advantages, high-efficiency NbN SNSPDs are subject to very low fabrication yields due to defects in the thin NbN films [5] [6] , which forces researchers to hand-pick the best devices from a batch [7] . The longer the SNSPD, the higher the probability of having defects. Although it is true that defects can be minimized by using amorphous superconductors which are less prone to structural inhomogeneities such as WSi [8] , MoSi [9] and MoGe [10] , it comes at the cost of having even lower operating temperatures and lower signal-to-noise ratios.
An alternative approach to the vertical coupling of traditional SNSPDs is the integration of the superconducting nanowires in waveguide structures [11] , where the photon travels along a waveguide with an SNSPD directly above, leading to an increased interaction length of photon and nanowire, and therefore to higher Intensity plot for quasi-fundamental TE mode for a critically coupled cavity system, simulated using varFDTD [14] . The SNSPD used in this simulation is 1.13 µm long, the cavity length is 82.83 µm and the wavelength 1553 nm efficiencies with shorter nanowires [12] . Furthermore, placing waveguide coupled SNSPDs in a cavity has been shown to enhance the interaction time between detector and photon, leading to an increase in detection efficiency. Recently, a 96% efficient SNSPD has been reported using a nanowire as short as 8.5 µm implemented in a photonic crystal cavity [13] . In this work we theoretically study a waveguide coupled SNSPD in a ring resonator cavity, in order to further reduce the detector length while reaching near unity detection efficiencies.
II. DESIGN AND SIMULATION RESULTS
The design we propose is presented in Fig. 1 , which consists on an integrated SNSPD patterned as two 4.5 nm thick, 100 nm wide and 100 nm pitch NbN nanowires deposited on a racetrack ring resonator which is coupled to a a silicon-on-insulator (SOI) waveguide, with dimensions of 0.5 µm by 0.22 µm. The transmission from the waveguide into the cavity depends not only on geometrical factors such as the coupling coefficient between the ring and the waveguide but also on the losses inside the cavity and the wavelength of the optical input. When the losses in the cavity equal the coupling coefficient, critical coupling is achieved leading to 100% of the input light being coupled into the ring, which can then be absorbed by the SNSPD or scattered by the racetrack waveguide. Because of the interaction time between the detector and the optical input increases, the SNSPD detection efficiency is improved.
In Fig. 2 a varFDTD simulation is presented with an example geometry which was designed to work close to critical coupling for 1553 nm. The length of the racetrack is 82.83 µm, while the SNSPD has a length of 1.13 µm and a coupling coefficient for the ring of Numerical simulations for the absorption in the nanowire region were contrasted with an analytical model assuming 100% of internal quantum efficiency. The dependency between detection efficiency and nanowire length for different coupling coefficients is shown in Fig.  3(a) including the particular case where the detector is deposited on a straight waveguide without cavity. Efficiencies close to unity can be achieved with shorter nanowire lengths than in the no-cavity instance due to increased interaction time between the photon and the nanowire. The simulated cavity length is 83 µm, the system is phasematched around 1553 nm and -2dB/cm waveguide loss is assumed. The performance of the detector follows the cavity response but it is affected by the length of the nanowire region, with sharper peaks for shorter nanowires as can be seen in Fig. 3(b) . Additionally, we have modelled the system for a pulsed input with Gaussian frequency distribution. For pulses with 0.1 nm of full width at half maximum efficiencies as high as 98.7% with a nanowire region as short as 1 µm inside a 83 µm racetrack, and 99.9% efficiency for a 10 µm nanowire region and a 30 µm racetrack have been found. Finally, the results for a racetrack resonator of 83 µm length and a coupling coefficient of 0.31 obtained with our analytical model for CW input on resonance at 1553 nm, are compared to a numerical simulation in Fig. 3(c) and are in strong agreement. Critical coupling is achieved for a nanowire length of 1.13 µm with a total system absorption 1 maximum of 99.76% which can be seen in Fig. 2 . Around this point, the detection probability is maximized. 1 Total system absorption includes absorption by the detector and light scattered by silicon in the cavity III. CONCLUSION
In conclusion, we presented a numerical simulation of a waveguide coupled SNSPD deposited on a SOI racetrack ring which can be designed to obtain detection efficiencies close to unity for nanowire lengths as short as 1 µm using standard CMOS-compatible photonic elements. The option of using short nanowires will not only be able address the problem of low fabrication yield, but it will also bring new possibilities in terms of scalability. Additionally, the wavelengthdependent behaviour of this type of detectors opens the door for applications such as custom-designed spectrometers.
